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Polymer solar cells (PSCs) have attracted the interest of academia and industry in recent years due to their advantages of low cost fabrication by solution processing. [ 1 ] However, there are alternatives for the design of PSCs: the bulk heterojunction (BHJ) system, [ 2 ] which uses a blend of conjugated polymers (as the electron donor) and fullerenes (as the electron acceptor), is the most widely studied. [ 1 ] An ideal conjugated polymer for PSCs needs to possess broad and strong absorption in the visible and near-infrared regions, high hole mobility, suitable highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) energy levels and appropriate miscibility with the fullerenes. [ 1a ] With the design and synthesis of a large amount of polymers and intensive device optimization work, the power conversion effi ciency (PCE) of PSCs has reached 7-9% over the past few years. [ 3 ] A thorough understanding of the relationship between the chemical structures of polymers and their photovoltaic performance is necessary to signifi cantly improve PCEs of PSCs. [ 3a ] One versatile approach to construct low bandgap polymers is the combination of donor (electron rich) and acceptor (electron defi cient) units, forming internal charge transfer structure. [ 1, 4 ] Benzo[1,2-b:4,5-b′]dithiophene (BDT) is an electron rich unit with a rigid and planar structural feature that promotes π -π stacking of the resulting polymers and hence, higher mobility can be expected. [ 5 ] Quite many high-performance polymers are based on BDT, which makes it one of the best donor units at present. [ 5 ] Isoindigo, a strong electron defi cient unit due to its two lactam rings, has been known in the dye industry for a long time. [ 6 ] Recently, the isoindigo unit has been successfully introduced in the fi eld of organic electronics for constructing both donor-acceptor (D-A) small molecules [ 7 ] and polymers. [ 8 ] An isoindigo-based polymer, P3TI, achieved effi ciency up to 6.3%, [ 9 ] which makes this dye a promising acceptor unit for D-A polymers. Therefore, BDTisoindigo polymers turn out to be very interesting systems for investigating polymer structure-property relationships. It has been recognized that the insertion of one thiophene as a spacer group between D-A units can enhance performance of the resulting polymers. [ 1a , 10 ] However, there are only few reports on the insertion of bithiophene as a spacer group. [ 11 ] The use of terthiophene as spacer has not been reported. Thus, we conducted a systematic study on solar cell performance of BDT-isoindigo polymers as a function of the number of thiophene spacer units. Four polymers, namely, PBDT-I , PBDT-TIT , [ 10b ] PBDT-BTI , and PBDT-TTI ( Scheme 1 ), based on an alkoxy-substituted BDT (donor) and alkyl-substituted isoindigo (acceptor) units, were synthesized and characterized. In PBDT-I , no thiophene spacer was incorporated, while one, two and three thiophene spacers were introduced in PBDT-TIT, PBDT-BTI , and PBDT-TTI , respectively. The polymers were used to fabricate solar cell devices and it was found that the polymer that contained bithiophene spacers ( PBDT-BTI ) showed superior performance reaching PCE up to 7.3% with [6, 6] -phenyl-C 71 -butyric acid methyl ester (PC 71 BM) as electron acceptor in a conventional BHJ device confi guration. PBDT-TTI and PBDT-I showed PCEs of 3.98%, and 2.80% together with PC 71 BM while PBDT-TIT exhibited a PCE of 4.85% together with PC 61 BM. This result shows that insertion of bithiophene as a spacer is indeed a viable strategy to achieve high performance. Because of the fact that there is no appreciable synthetic challenge in introducing the bithiophene and terthiophene spacer units, this strategy will provide a facile access to high performing materials. We also believe that the method could be implemented to other polymer systems.
Scheme 1 shows the structures of the four polymers investigated. The syntheses of PBDT-I and PBDT-TIT were reported previously. [ 10b ] The synthetic details of PBDT-BTI and PBDT-TTI are described in the Supporting Information. The thiophene spacer units were combined with the isoindigo units by Stille coupling, followed by bromination to yield the desired monomers in high yield. These monomers were polymerized with bis-stannylated BDT units via Stille coupling to afford the corresponding polymers. To ensure good solubility of PBDT-BTI and PBDT-TTI , octyl groups were attached at suitable position of thiophene rings without causing obvious steric hindrance. All the four polymers were readily soluble in organic solvents such as chloroform and o -dichlorobenzene (DCB). It was found that the number-average molecular weights ( M n ) increased with increasing number of thiophene spacer units. Thus, PBDT-I , PBDT-TIT, PBDT-BTI , and PBDT-TTI showed M n of 33 000, 42 000, 55 000, and 139 000 with polydispersity indices of 5.0, 2.6, 3.3, and 4.5, respectively. Figure 1 shows the optical absorption spectra of PBDT-I , PBDT-TIT , PBDT-BTI , and PBDT-TTI in solution (a) and in the solid state (b) . The absorption onsets of the four polymers measured in chloroform solution extended up to 750 nm with strong absorption peaks appearing at around 450 nm and 650 nm. The highenergy band that appeared at ≈450 nm is attributable to a localized π -π * transition while the absorption band at ≈650 nm is due to intramolecular D-A charge transfer. The relative intensity of the highenergy band increased along with the conjugation length of the donor segment as shown in Figure 1 a. PBDT-BTI presented red-shifted spectra compared to PBDT-TIT due to the extended donor segments. Different from PBDT-TIT , which retained the same absorption onset in going from solution to the solid state, PBDT-BTI and PBDT-TTI showed red-shifted spectra in the solid state probably due to better π -π stacking of the polymer chains in the solid state. the best-performing polymer, PBDT-BTI , 20 devices were fabricated, which gave low variation in PCE with an average PCE of 7.0% and the highest of 7.31%. The related statistical boxes of the device parameters are summarized in Supporting Information Figure S4 . The fact that TCB, without any additive, was used for processing the fi lms and that no thermal or solvent annealing was required could be one of the reasons for the high reproducibility of the results. This may be an attractive feature in the processing of PBDT-BTI to prepare large area devices. It was noted that as the number of thiophene spacers increased the V oc of the polymers decreased from 0.85 to 0.79, 0.72, and 0.66 V for PBDT-I-, PBDT-TIT-, PBDT-BTI-, and PBDT-TTIbased solar cells, respectively. We noticed that the V oc of the solar cells based on PBDT-BTI -and PBDT-TTI are quite different, although the energy of the HOMO level is the same for these two polymers. This suggests that recombination rate constants for the two different systems are different. Higher recombination rate is expected in the solar cell based on PBDT-TTI , [ 13 ] which could be related to the chemical structure of PBDT-TTI or the worse morphology of the active layer. It can be seen that the short-circuit current ( J sc ) of the device prepared from PBDT-BTI :PC 71 BM in 1:1.5 ratio reached 14.96 mA cm −2 , which is signifi cantly higher than the J sc generated from devices prepared from PBDT-TIT :PC 61 BM (9.38 mA cm −2 ), PBDT-I :PC 71 BM (6.40 mA cm −2 ), and PBDT-TTI :PC 71 BM (11.82 mA cm −2 ). One possible cause for the different J sc values can be the different extinction coeffi cients of the different active layers, as plotted in Supporting Information Figure S6a . This is consistent with the calculated maximum J sc values for the solar cells with active layer thicknesses of ≈100 nm as listed in Table 1 . The maximum J sc values were calculated for the solar cells using a transfer matrix model (TMM) and the measured optical constants. Internal quantum effi ciencies (IQEs) were assumed to Cyclic voltammetry (CV) was used to investigate the molecular energy levels (HOMO and LUMO) of the four polymers. The cyclic voltammograms are shown in the Supporting Information. The HOMO energy levels of PBDT-I , PBDT-TIT , PBDT-BTI , and PBDT-TTI were estimated to be -5.81, -5.75, -5.62, and -5.62 eV, respectively, from the onset of oxidation in the CV curves (Supporting Information Figure S1 ), showing that the polymers have deep HOMO levels, which is important to achieve high open-circuit voltage ( V oc ). The LUMO energy levels of the polymers are very close (-3.95, -3.91, -3.95, and -3.90 eV for PBDT-I , PBDT-TIT, PBDT-BTI , and PBDT-TTI , respectively) as deduced from the onset of reduction in the CV curves. The CV measurements indicated that conjugation length of the donor segment has no obvious infl uence on LUMO levels of the polymers but has infl uence on HOMO levels.
The photovoltaic performances of the four polymers as donors were investigated in BHJ solar cells with the conventional device confi guration of glass/indium tin oxide (ITO)/ poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/polymer:PCBM/LiF/Al under the illumination of AM 1.5G simulated solar light (100 mW cm −2 ). A previous study indicated that PBDT-TIT gave better performance when PC 61 BM was used as acceptor.
[ 10b ] However, PBDT-I , PBDT-BTI , and PBDT-TTI , performed better with PC 71 BM as acceptor. For all four polymers, the optimal ratios of polymer:PCBM (D:A) in the active layer were found to be 1:1.5. The infl uence of the D:A ratio on the performance of PBDT-BTI is summarized in Supporting Information Figure S2 and Table S1 . The best performing device with a D:A ratio of 1:1.5 gave a PCE of 7.31%. It is however worth noting that PCEs over 6% were recorded with D:A ratios varying from 1:1 to 1:2. The best processing solvent for PBDT-I , PBDT-TIT , and PBDT-TTI was DCB with the addition of 2.5% (by volume) 1,8-diiodooctane (DIO) while PBDT-BTI gave better effi ciency when 1,2,4-trichlorobenzene (TCB) was used as processing solvent without any additive. As shown in Supporting Information Figure S3 and Table S2 , the performances of PBDT-BTI-based PSCs processed from different solvents were quite different, which can be attributed to the different morphologies of the active layers according to previous studies. [ 12 ] Table 1 shows a summary of the device parameters of the solar cells fabricated from the four polymers and the corresponding current density-voltage ( J -V ) curves of the devices are shown in Figure 2 a. To verify the performance reproducibility of [ 17 ] The high J sc and FF combined with a decent V oc obtained from the device of PBDT-BTI :PC 71 BM pushed the PCE of this device to 7.3%, which makes this polymer system the highest performing isoindigo-based polymer reported to date.
The external quantum effi ciencies (EQEs) of the solar cell devices were also measured and demonstrated that a charge carrier is generated and collected over the region between 300 nm and 750 nm for the four polymers (Figure 2 b) . The device made from PBDT-BTI :PC 71 BM was superior, with an EQE above 60% over a wide range. The current density values integrated from the EQE curves with the AM 1.5G spectrum agreed well with the corresponding J sc from J -V measurements. Quantum chemical calculations were performed to further understand the polymer structure-property relationship. The optimized geometries of the four polymer chains, when viewed from the side, are given in Figure S9 (Supporting Information). It was found that when two or three thiophene rings were inserted as spacers ( PBDT-BTI, PBDT-TTI ), the geometries of the polymer chains became perfectly planar without twisting of the repeating units compared to the polymers consisting one and no thiophene as spacer. Obviously, the planar structure observed in PBDT-BTI improved intramolecular donor-acceptor charge transfer effect, as indicated by its high absorption coeffi cient (Supporting Information Figure S6a ), and interpolymer chain interaction, which may enhance mobility of charge carriers. [ 18 ] Although PBDT-TTI also possessed planar backbones, the incorporation of too many thiophene rings reduced the content of the electron-withdrawing isoindigo group, leading to weak intramolecular donor-acceptor charge transfer effect and thus low absorption coeffi cient (Supporting Information Figure S6a ). It was noted that PBDT-TTI exhibited much higher molecular weight than the other three, but it is hard to expect higher performance from PBDT-TTI with lower molecular weight due to its low absorption coeffi cient and poor morphology in blends.
The most effi cient PSCs were achieved with very thin active layers (80-120 nm). However, thicker layers (>200 nm) are preferred for large area printing of PSCs since very thin active layer can easily have pinhole defects and suffer from low performance reproducibility. [ 19 ] Therefore, it is important to investigate the performance of a new polymer with different thicknesses of the active layer. We used both TMM simulation [ 20 ] and experimental techniques to investigate the solar cell performance. The refractive index n and absorption coeffi cient k of PBDT-BTI :PC 71 BM were obtained by modeling the data from ellipsometry measurements over the spectral range of absorption. They were used as computer input to simulate maximum photocurrent density ( J sc-max ), assuming all the absorbed photons are converted into charges. A plot of the simulated J sc-max as a function of active layer thickness be 100% for the solar cells in the calculation. Different morphologies of the active layers gave rise to different exciton dissociation effi ciencies and thus could also be the reason for the different J sc values. [ 12, 14 ] This is corroborated by the fact that the average IQE values of the solar cells are signifi cantly different in the solar cells based on different polymers. (Table 1 ) Here, IQE was calculated using the method described by Inganäs et al . [ 15 ] Considering the fact that the dependence of current generation on electric fi eld close to short circuit conditions are very similar, the difference in IQE has to be due to the difference in exciton dissociation effi ciency. Thus, morphologies of the active layers based on different isoindigo polymers are expected to be different. Atomic force microscopy (AFM) was used to investigate the surface morphologies of PBDT-I :PC 71 BM, PBDT-TIT :PC 61 BM , PBDT-BTI :PC 71 BM, and PBDT-TTI :PC 71 BM blends to fi nd the infl uence of morphology on device performance. From Supporting Information Figure S5 , it is clear that the topographies of the different active layers are different. However, it is diffi cult to obtain detailed information related to morphology of the active layer, as AFM measures only the surface of the active layer. Photoluminescence (PL) of photoactive polymers can be effi ciently quenched when intimately blended with PCBM due to photoinduced charge transfer. [ 2 ] A blend with smaller polymer domain size has higher PL quenching effi ciency compared to that with big one. Thus, PL quenching effi ciency can directly refl ect polymer domain size in a blend. Here, PL spectra of the pure polymers and the corresponding polymer:PCBM blends were measured and the normalized spectra are shown in Figure 3 . The PBDT-BTI :PC 71 BM blend shows much lower intensity relative to PBDT-BTI (≈90% PL quenching effi ciency), which suggests that polymer excitons can effi ciently diffuse to the D:A interface and dissociate into carriers. As polymer exciton diffusion length is generally in the range of 5-20 nm, [ 16 ] smaller polymer domains in PBDT-BTI :PC 71 BM blend can be inferred. In contrast, the PBDT-I :PC 71 BM blend showed the lowest quenching effi ciency, suggesting non-optimal morphology for exciton dissociation and enhanced absorption coeffi cient, and optimal morphology, PBDT-BTI , which possesses bithiophene as a spacer, revealed high current and fi ll factor leading to a PCE of 7.3% in devices, making this polymer the best performing isoindigo-based material in PSCs. Moreover, PBDT-BTI could still maintain efficiency of over 6% with the active layer thickness of 270 nm, which makes it a promising candidate for a material in printed PSCs. Thus, the use of thiophene spacers in D-A polymers could be an important design strategy to produce high-performance polymers for solar cells.
Experimental Section
Solar Cell Device Fabrication and Characterization : BHJ PSCs were fabricated using a conventional geometry (glass/ITO/ PEDOT:PSS(40 nm)/active layer/LiF(0.6 nm)/Al(100 nm)). The ITO glass substrates were cleaned by detergent and TL-1 (a mixture of water, ammonia (25%), and hydrogen peroxide (28%) (5:1:1 by volume)) in turn. PEDOT:PSS 4083 (Heraeus Precious Metals GmbH & Co. KG) was spin-coated on top of the cleaned ITO glass substrates. Then, the substrates were heated on the heater for 15 min at 120 °C to remove the remaining water. Coated with PEDOT:PSS 4083, the substrates were then transferred into a glove box fi lled with N 2 , where the active layers were spin-coated from DCB, DCB:DIO (2.5 vol%), TCB or TCB:DIO (2.5 vol%) solutions atop PEDOT:PSS 4083 layer. The substrates with the active layer were then moved into a vacuum chamber, which was mounted in a glove box. 0.6 nm LiF and 100 nm Al were then thermally evaporated under a pressure less than 4 × 10 −6 mbar. The active area of the PSCs was around 0.04 cm 2 , which was determined by optical microscopy. The J -V curves were measured using a Keithley 2400 Source Meter under AM1.5 G illumination from a solar simulator (Model SS-50A, Photo Emission Tech., Inc.) with an intensity of 100 mW cm −2 . EQE spectra of the PSCs were recorded by using a Newport Merlin lock-in amplifi er. The chopped monochromatic light was illuminated on the PSCs through the transparent side. All thicknesses of the active layers were determined using a Dektak surface profi ler.
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is shown in Figure 4 . Solar cells with fi ve key active layer thicknesses of 70, 105, 145, 270, and 400 nm were fabricated, where those with thicknesses of 105, 270, and 400 nm corresponded with the three interference maxima and that with 145 nm thickness corresponded with the fi rst interference minimum observed from the simulation results as depicted in Figure 4 . The corresponding J -V and EQE curves are shown in Supporting Information Figure S7 and the parameters are summarized in Supporting Information Table S3 . For comparison, the experimental J sc have also been included in Figure 4 . We found that the experimental J sc values were in good agreement with the simulated J sc-max values with an average of 82% ± 5%. It is striking to note that an effi ciency up to 6.3% could be achieved by solar cells with an active layer as thin as 70 nm, which benefi ted from the high absorption coeffi cient (1.43 × 10 5 cm −1 at 634 nm) of PBDT-BTI . On the other hand, a thickness of 270 nm, which fi ts the requirement for large area printing of PSCs, could still afford a PCE over 6%. To further understand the loss mechanism of the solar cells, IQE spectra of solar cells with different active layer thickness were calculated (the details are described in the Supporting Information). As shown in Supporting Information Figure S8 , the IQEs of solar cells based on PBDT-BTI :PC 71 BM do not strongly depend on the thickness of the active layer. For the solar cell with an optimal thickness of 105 nm, an average IQE value of ≈90% was obtained with a maximum IQE value approaching 100% at 550 nm, which suggests that nearly every absorbed photon dissociates into free charge carriers and the generated carriers are fi nally collected at the electrodes. For the solar cell based on a 400 nm active layer, the average IQE remained as high as ≈80%, most likely due to the high carrier mobility of isoindigo-based polymers. [ 21 ] In conclusion, we have described the synthesis and characterization of four polymers based on BDT and isoindigo with zero, one, two, and three thiophene spacer groups. We have demonstrated that the use of bithiophene as a spacer unit improves the geometry of the polymer chain, making it become planar, and hence potentially enhanced π -π stacking occurs. As a result of the favorable interaction of the polymer chains, 
